In order to explore the method of accelerating hydration separation process to recover methane from mine gas, propane hydrate phase equilibrium was used to measure the equilibrium points of three kinds of mine gas in NaCl solution. Driving force was set as 1 MPa on this basis and high-pressure experimental apparatus of mine gas hydrate was used to carry out the nucleation kinetics experiments of mine gas hydrate for three gas samples in different concentrations of sodium chloride (NaCl) and sodium dodecyl sulfate (SDS) compound systems, which was to study the effect of propane and NaCl-SDS solution on nucleation process of mine gas hydrate. The results showed that induction time of multicomponent mine gas hydrate formation was shortened with the decrease of methane concentration and increase of propane concentration. The induction time of mine gas hydrate formation was shortened with the reduction of NaCl concentration and the increase of SDS concentration. It was found that methane and propane in multicomponent mine gas nucleated collaboratively, which simplified its nucleation process compared with the single component. NaCl has two kinds of functions.
Introduction
Methane (CH 4 ) is the main component of mine gas, which is an ideal gas fuel. It is colorless and tasteless and its pure calorific value is 34000 KJ per cubic meter. Methane combustion mainly produces carbon dioxide and water. The pollution generated by its combustion only takes up 1/40 that of oil and 1/800 that of coal in general [1] . As a result, methane is regarded as the most realistic and reliable safe energy which is also clean and with high quality. It is reported by Energy Business that the global methane gas resources buried by the depth of 2000 m are about 2400 × 10 12 m 3 [2] . In China, this kind of resources is estimated to be 36.8 × 10 12 m 3 , ranking the third in the world, and the amount of recoverable mine gas is about 10 × 10 12 m 3 [3] . From 2010 to 2015, the mine gas utilization rate is only 40.91%-46.37% and 46.4 billion m 3 methane emissions in total during 6 years is equivalent to that of 94.08 million tons of coal combustion in China [4] . Methane is a kind of strong greenhouse gas with the greenhouse effect being 21 times than that of CO 2 . The damage to the ozone layer is 7 times that of carbon dioxide [5] . The direct discharge of a large amount of methane not only causes the waste of resources but also pollutes the atmosphere environment. The main reason that a large amount of methane gas cannot be utilized and is directly discharged is that the methane concentration in the extraction mine gas is relatively low and the lack of methane separation and purification technology as well [6] . Mr. Wu et al. proposed that methane could be separated and recovered from extraction mine gas by the method of hydration. The mechanism is that the main components of extraction mine gas are methane, nitrogen, and oxygen and the three kinds of gas can form hydrate, respectively, at a certain temperature and pressure conditions. However, under the same temperature, the pressure of hydrate formation for three gases is extremely different. When it is 273.15 K, the phase equilibrium pressure of methane is 3 MPa, nitrogen is 14 MPa, and oxygen is 11 MPa. Therefore, the methane hydrate can be formed by controlling the pressure to achieve the purpose of separation [7] .
Journal of Chemistry
High separation rate is the key to the separation and recovery of methane from mine gas by the method of hydration [8] . The main factor that restricts the rate of hydration separation is that the induction time of hydration nucleation is longer, so it is necessary to carry out the research on shortening the hydrate induction time. The mine gas hydrate formation in a relatively short time is the key factor in order to meet the needs of industrial production. The nucleation induction time is too long which becomes the main bottleneck of the application of the hydrate technology. Scholars have carried out the research work on how to shorten the induction time. The chemical method of adding accelerator has the advantages of simple process, wherein the anionic surfactant sodium dodecyl sulfate (SDS) is more widely used, and the research work of SDS has been carried out by scholars to promote hydrate formation process.
Karaaslan and Mahmut [9] found that the addition of suitable surfactant in the reaction system could effectively improve the surface tension of the air-water system, speed up the heating process and mass transfer, and promote hydrate formation. This conclusion was confirmed by the experimental study of Zhong and Rogers [10] as well. Then Mohammadi et al. [11] studied the influence of SDS and silver nanoparticles on kinetics conditions of hydrate formation. The results showed that the addition of SDS and silver nanoparticles increased the apparent rate constantly and the mixture of SDS and silver nanoparticles was most effective in enhancing the apparent rate constantly. Link et al. [12] studied the effect of a series of surfactants on the growth rate of methane hydrate and gas storage capacity and found that sodium dodecyl sulfate might be the most suitable surfactant for methane hydrate formation. Then, SDS-kaolin and THF-SDS compounded systems were found to improve the formation rate of mine gas hydrate, and it was better than the superposition of the single additive [13] [14] [15] , which showed that the compound additives had the coordinated effect. Based on the research of NaCl in the process of hydrate formation, it was identified that NaCl mainly influenced the thermodynamic conditions [16] [17] [18] . However, some scholars found that low concentration NaCl could promote the hydrate formation and shorten the induction time [19] . Propane can also form the hydrate under a certain temperature and pressure condition, and the hydrate phase equilibrium pressure was lower than that of methane gas under the same temperature condition. Some scholars carried out the hydrate formation experiment utilizing the mixture of methane and propane gas [20, 21] , and the mixed gas phase equilibrium parameters and the crystal structure of gas hydrate were measured. Prado et al. [22] research showed that hydrate formation of methane and propane mixed gas was faster, and the amount of hydrate was bigger, which indicated that propane can promote the formation of methane hydrate.
To sum up, propane, NaCl, and SDS can improve the methane hydrate nucleation kinetics in certain conditions. However, effect of propane and NaCl-SDS composite system on the hydrate nucleation has not been reported yet. As a result, in terms of the mine gas, it is filled with a certain amount of propane gas, and the phase equilibrium experiment of mixed gas hydrate in the NaCl system was primarily conducted. Based on the results above, the thermodynamic condition was set up and the mixed gas hydrate nucleation kinetics experiments were carried out in the NaCl-SDS compounded system. The effect of different concentrations of NaCl and SDS on the mixed gas hydrate nucleation was investigated to explore the distribution law of induction time of mine gas hydrate formation, which helped to analyze the mechanism of NaCl-SDS composite solution and improve the basic theory and method using mine gas hydration separation.
Experimental

Apparatus and Material.
A visual mine gas hydration curing and high-pressure apparatus was independently developed for the research object of this paper shown in Figure 1 .
The experimental apparatus mainly included variable volume high-pressure reactor, 150 ml visual reactor, thermotank, gas booster system, data collection system, and fiber photography system. Variable volume high-pressure reactor was used to measure the phase equilibrium thermodynamic parameters of hydrate and 150 ml visual reactor was utilized to carry out the experiment of hydrate kinetics. The variable volume high-pressure reactor could change its volume within the range of 0∼150 ml continuously, controlled by project control system. The maximum pressure was 30 MPa and the temperature ranged within −20∼60 ∘ C. The 150 ml visual reactor was a full transparent vessel with an inner volume of 150 ml and a maximum pressure of 20 MPa and the temperature ranged within −10∼50 ∘ C in which the mine gas hydrate formation and growth process could be directly observed. Data collection system contained FCC6000 Field Data Server, BT5000 monitor, and configuration software. What is more, the system was equipped with high precision temperature sensor (the range of −15∼100 ∘ C and an accuracy of ±0.01 ∘ C) and Huba pressure sensor (the range of 0∼25 MPa and an accuracy of ±0.01 MPa), which could guarantee an accurate experimental measurement.
Experimental Sample and
Reagent. SDS and NaCl were purchased from Tianjin Kemi' ou Chemical Reagent Co. Ltd., with the analytical reagent (≥99.5%). In order to accelerate hydrate formation, a certain concentration of propane was added. The gas samples were as followed:
Gas sample G2: (CH 4 ) = 70%, (CO 2 ) = 5%,
Gas sample G3: (CH 4 ) = 85%, (CO 2 ) = 5%,
The gas samples were produced by Harbin Liming Gas Company; water used in the experiment was the self-made distilled water. Figure 1 that the thermodynamic experiment is similar to the kinetics experiment. However, the main differences were the reactors. The variable volume high-pressure reactor was used in the thermodynamic experiment and the 150 ml visual reactor was used in kinetics experiment.
Procedure. It was shown in
Experiment Method and Procedure of Thermodynamics.
(1) The compound solution was prepared containing NaCl with the mass fractions of 0%, 0.5%, 2%, and 3.5% respectively.
(2) Firstly, debug the data acquisition software to ensure the accuracy of the data collected during the experiment.
(3) Put the prepared solution into the experimental reactor and connect the experimental equipment. Nitrogen was filled into experimental system until the pressure reached 1 MPa. Detect the air tightness of system after standing 30 mins and then the experiment system pressure came to −0.01 MPa using the vacuum pump.
(4) The temperature of thermotank was set up as the initial specified temperature. When the experimental temperature reached the initial temperature; the mix gas was filled into experimental reactor until reaching the initial pressure using pressurization system.
(5) The space of variable volume reactor was narrowed down by industrial computer to make the pressure increase until hydrate formation. Stop compressing the variable volume reactor and when the pressure within stayed constant, enlarge its space to decrease the pressure. The pressure was decreased by 0.2 MPa every 5 hours to make the hydrate decomposition. When the hydrate completely decomposed, the pressure of reactor was increased again and the hydrate formed as well. At the moment, the pressure within was the phase equilibrium pressure under a certain temperature.
(6) According to the above method, three kinds of different gas phase equilibrium temperature and pressure were measured, and the phase equilibrium curves were recorded.
Experiment Method and Procedure of Kinetics.
Quantification of hydrate nucleation process was very difficult. First, hydrate nucleation must be detected. Secondly, in order to obtain the meaningful average value of the nucleation rate, a large number of nuclear tests were needed. Furthermore, the thermodynamic conditions of the experiment must also be controlled.
(1) The compound solution was prepared containing NaCl with the mass fractions of 0%, 0.5%, 2%, and 3.5% respectively, and SDS with the concentration of 0.15, 0.30, 0.45, and 0.60 mol/L; (2)- (4) The procedure was the same as the thermodynamics method.
(5) In the condition of constant temperature, the change of pressure with time was recorded. At the beginning, the pressure decreased constantly due to the dissolution of gas in the liquid phase. When the gas dissolved to become the equilibrium state, the pressure tended to be stable, which was recorded as the starting point of induction time and the ending time was denoted with the formation of hydrate crystal nucleus. (6) The changes of temperature and pressure of hydrate formation and the growth phenomenon were monitored by the acquisition system and the image recording system.
Equilibrium Conditions of Mine Gas Hydrate Formation in NaCl System
At present, the method of determining the phase equilibrium conditions mainly includes direct observation method, temperature search method, quality analysis method, and graphic method [23] . Considering the mine gas is a kind of mixed gas, Tohidi et al. [24] and Schroeter et al. [25] hold that graphic method takes a larger error and pressure search method is not suitable for multisystem and the quality analysis method has a high requirement for the equipment. Therefore, the independent developed reactor for the multicomponent mixed gas hydrate phase equilibrium testing was used to determine the equilibrium parameters incorporating with direct observation method. Pressure search method is reducing the constant temperature gradually until the hydrate formation, and then heating the same constant temperature by degrees, the hydrate decomposes gradually with the heating process. When the hydrate is completely decomposed, the temperature is reduced by the certain constant temperature and the hydrate forms. At the moment, the temperature and pressure are the phase equilibrium conditions of hydrate. That is to say, the pressure search method is obtaining the pressure conditions of hydrate formation by changing temperature. Nevertheless, the author aimed to get the phase equilibrium pressure under the certain temperature by changing the gas phase volume based on the pressure search method. The hydrate phase equilibrium experiment included 72 groups and the hydrate changing process in each group was similar. As a result, take G1 sample in NaCl system at the temperature of 278.15 K as an example to explain the hydrate formation and decomposition process in hydrate phase equilibrium experiment.
The initial pressure and temperature are 1 MPa and 278.15 K. Decreasing the volume of the reactor gradually, the pressure in the reactor was constantly increased. When the pressure was up to 2.1 MPa, the hydrate began to generate, as shown in Figure 2(a) , and the volume was unchanged. After a certain moment, a large number of hydrates formed, as shown in Figure 2 (b). The pressure gradually decreased to 0.8 MPa to reach the equilibrium state, as seen in Figure 2 (c). Increase the reactor volume gradually to make sure that the pressure was reduced by 0.1 MPa. After every 0.1 MPa reduction, six hours was needed to observe the hydrate. With the pressure decreasing gradually, hydrate decomposed, as shown in Figure 2(d) . When the hydrate completely decomposed, the volume was compressed again to ensure the pressure increase by 0.1 MPa and the hydrate formed again, as seen in Figure 2 (e). At the moment, the pressure was 1.17 MPa. It is shown that the pressure of G1 phase equilibrium under the temperature of 278.15 K was 1.17 MPa. Repeat the above operation and obtain the hydrate phase equilibrium data of different systems and different conditions.
The phase equilibrium results of multicomponent mixed gas hydrate were shown in Figure 3 . According to hydrate phase equilibrium curve of three kinds of gas, it was found that the pressure of hydrate formation became higher with the increase of NaCl concentration under the same temperature, indicating that NaCl took the inhibitory effect on the formation of gas hydrate. The effect strengthened with the increase of NaCl concentration. Moreover, in the three kinds of gas in the same NaCl concentration system, the hydrate phase equilibrium pressure was lower in the gas with higher propane at the same temperature.
Induction Time Distribution of Mine Gas
Hydrate Formation in NaCl-SDS System 4.1. The Mine Gas Hydrate Formation in NaCl-SDS System. NaCl was reported to change the phase equilibrium conditions of mine gas hydrate formation by many literatures. However, the purpose of this paper was to investigate the effect of propane and SDS-NaCl compound system on the nucleation kinetics of mine gas hydrate formation. Therefore, to eliminate the influence of NaCl on the thermodynamic condition of mine gas mixture hydrates formation, the experiment was carried out in the condition of same temperature and the driving force was 1 MPa. The phase equilibrium pressure corresponding to the initial temperature has been measured in Figure 2 . In this paper, a fully transparent NaCl Free NaCl-0.5% NaCl-2% NaCl-3.5% NaCl Free NaCl-0.5% NaCl-2% NaCl-3.5% NaCl Free NaCl-0.5% NaCl-2% NaCl-3.5% experimental reactor (Figure 1 ) was used to carry out the hydrate formation kinetic experiment of mine gas mixed gas containing propone and induction time was determined by the direct observation method. The growth of gas hydrate and the pressure curve in each experiment system was similar, taking the experimental system I-1 (the first); for example, the compound solution with the mass fraction 0.5% of NaCl and the concentration 0.15 mol/L of SDS was poured into the full transparent and high-pressure reactor, and G1 was inflated until the pressure reached 5.3 MPa when the temperature was 282.15 K, monitoring the process of mine gas hydrate formation and controlling the temperature constant. The flocculation appeared in the reactor when the temperature was up to 282.15 K as shown in Figure 4 . For the reason of the appearance of NaCl-SDS white solid precipitation, the exact growth point could not be determined when the amount of mine gas hydrate formation was small (Figure 5(a) ). Up to 54 min of the experiment, on the top of reactor central, a small amount of white iceshaped hydrate crystal appeared with the pressure 4.45 MPa ( Figure 5(b) ). With the experiment proceeding to 82 min, the white hydrate crystal grew rapidly in the reactor and a large amount of ice-shaped hydrate mixed with NaCl-SDS flocculation solid and mine gas hydrate emerged under the gas-liquid interface, and, contrastively, on the top of that, the hydrate continued to grow along the inner wall of reactor ( Figure 5(c) ). When the experiment reached 97 min, the white mine gas hydrate crystal presented block shape and continued to grow, and the pressure was 3.98 MPa and no longer decreased at 116 min, and the hydrate formation finished ( Figure 5(d) ). To reduce the induction time, random, different kinetic experiments were carried out in 3 rounds and the experimental results were of average value. The kinetics experimental system and the results were summarized in Tables 1, 2 , and 3.
The Analysis and Discussion of the Nucleation Kinetics Experimental Results of Mine Gas Hydrate in NaCl-SDS System
Analysis and Discussion on the Effect of NaCl-SDS Compound Solution.
The experimental results indicated that the induction time of mine gas hydrate formation in NaCl-SDS system was obviously shorter than that in SDS system, as seen in Figure 6 , which showed that the addition of NaCl reduced the induction time of hydrate formation which attributed that NaCl could help to promote the nucleation of hydrate. From Figure 6 , it was concluded that the induction time constantly decreased with an increase in SDS concentration on the condition of the same NaCl concentration. However, Figure 6 expressed that the induction time increased with increasing concentration of NaCl on the condition of the same SDS concentration. As a result, it was found that the induction time of mine gas hydrate formation was shorter with the increase of the SDS concentration and the reduction of the NaCl concentration within the experimental range. It was analyzed that the ionic surfactant (SDS) could have the electrostatic interaction between the ions by the influence of NaCl solution, which reduced the repulsion of the electric double layers of head group, so that the thickness of that was compressed [26] , and the difficulty of SDS surface adsorption was reduced (as shown in Figure 7) . Simultaneously, part of the hydrophilic based charge of SDS was neutralized by the counterion of NaCl solution and the phase potential was reduced and the cohesion of water molecules within the gas-liquid interface was decreased, which resulted in a decrease of the surface tension [27] . The neutralization ability of NaCl solution was stronger when the NaCl mass fraction was higher and the number of the counterions was larger.
The essential role of SDS in the hydration process was to decrease the surface tension and increase the gas solubility; however, SDS presented as the micelles by the influence of NaCl solution which could enhance the reducing effect of SDS on the surface tension and increase the solubility of the mine gas in solution and promote the crystallization rate, so that the induction time of mine gas hydrate was shortened. The author believed that NaCl solution made the function of enhancing the reduction effect of SDS on the surface tension of liquid phase and it could make low concentration of SDS have the equal effect with that of high concentration. Sun et al. [28] held the opinion that when SDS concentration was up to the critical micelle concentration, the effect of SDS on reducing surface tension reached the largest point. NaCl can strengthen the effect of SDS on reducing the surface tension and promote the SDS utility. However, in NaCl solution, the gas molecules first dissolved in liquid phase in the form of molecular diffusion and were surrounded by water clusters loosely and formed a kind of cage structure which was extremely unstable and continuously collided with the surrounding cluster until the formation of the relatively stable cage structure. Ion charge field changed the ionization equilibrium of the original system [29] , reduced the contact of gas molecules and water molecules, and reduced the collision of water clusters, thereby affecting the formation of water molecules clusters around gas molecule stably. To offset the resistance of Na + and Cl − and build the basic environment for gas hydrate formation, a certain "driving force" was provided to balance the above force, which resulted in slowing the nucleation rate of gas hydrate and prolonging the induction time. Simultaneously, with the increase of NaCl concentration, the time was longer. Therefore, the role of NaCl in SDS system took two aspects and, in this paper, the induction time of mine gas hydrate formation was shortened with the increase of NaCl mass fraction, which indicated that adding a small amount of NaCl can shorten the induction time of gas hydrate formation in the presence of SDS. However, the optimal concentration of NaCl and SDS still needed further study. Figure 6 , it is shown that the induction time of three kinds of mine gas ranged in an ascending order for G1, G2, and G3 under the condition of the same NaCl-SDS concentration, with the gas component ratio of G1 (methane = 55%; propane = 15%), G2 (methane = 70%; propane = 10%), and G3 (methane = 85%; propane = 5%), which indicated that the effects of methane concentration and propane concentration on the nucleation process of mine gas hydrate were the main factors. As the induction time distribution is described, the induction time of mine gas hydrate formation was shortened with the reduction in methane concentration and increase in propane concentration. In this paper, in G1 with the highest propane concentration and different mass fraction of NaCl, the average induction time of the hydrate formation was 4.5 min and 12.25 min, which was shorter than G2 and G3 within the same mass fraction of NaCl. Sloan and Fleyfel [30] and Christiansen and Sloan [31] found that the formation of crystal nucleus in the critical size needed to experience several periods, which were gas molecule dissolution, unstable clusters formation, metastable aggregates formation, and stable crystal nucleus. The coordination number of water molecules in the unstable clusters was somewhat different due to the size differences of gas molecules (coordination number of methane, 20; coordination number of propane, 28) [32] 4 were 20, 24, and 28, respectively. Based on the analysis above, it was concluded that the mine gas sample in the experiment contained methane and propane and formed the unstable cluster with the coordination number of 20 and 28 after dissolving in water. And then the two kinds of unstable clusters aggregated into the metastable aggregates directly through sharing a common surface, not experiencing the transferred process from the unstable cluster with the coordination number of 20 to that of 24, and the transferred process from 28 to 20 and finally gathered to form hydrate-II crystal nucleus (show in Figure 8 ).
Analysis of the Influence of Mine Gas Composition on the Induction Time. According to
Due to reversible conversion between the unstable clusters and the metastable aggregates, only a portion of the metastable aggregates could aggregate together to form the stable crystal nucleus. However, the concentration ratios of methane and propane were 11 : 3, 21 : 3, and 51 : 3 in G1, G2, and G3, indicating that the unstable cluster with coordination number of 20 was sufficient in the process of three kinds of mine gas hydrate nucleation. The number of unstable clusters with the coordination number of 28 determined the induction time. When the unstable clusters of methane were enough, the number of unstable clusters with the coordination number of 28 increased with an increase of propane concentration in different gas sample systems and the probability of aggregation to form the stable crystal nucleus was higher as well. Therefore, the induction of hydrate formation reduced with the decrease in methane concentration and increase in propane concentration within the experimental range.
Conclusions
The induction time of mine gas hydrate formation in NaCl-SDS system was significantly shorter than that of SDS system. It was analyzed that NaCl took as two influencing aspects: (1) NaCl could enhance the reducing effect of SDS on the gasliquid surface tension, increase the solubility of the mine gas due to the presence of SDS micelles, promote the nucleation process of mine gas hydrate, and reduce the induction time.
(2) NaCl can destroy the water cluster structure and inhibit the hydrate formation. According to the experimental results, it was found that, by adding a small amount of NaCl to SDS solution, the induction time of hydrate was shortened. In this experiment, the mine gas hydrate was II, not experiencing the transformation of different coordination number of singe component gas in the nucleation process. The metastable aggregates and hydrate lattice were formed by methane and propane through sharing a common surface. In this experiment, the induction time of gas hydrate formation was reduced with the decrease of methane concentration and increase of propane concentration. It is necessary and significant that the effect of propane and NaCl-SDS compound solution on mine gas hydrate separation rate and methane recovery rate will be studied in the following experiment.
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